A stiff skin forms on surface areas of a flat polydimethylsiloxane (PDMS) upon exposure to focused ion beam (FIB) leading to ordered surface wrinkles. By controlling the FIB fluence and area of exposure of the PDMS, one can create a variety of patterns in the wavelengths in the micrometer to submicrometer range, from simple one-dimensional wrinkles to peculiar and complex hierarchical nested wrinkles. Examination of the chemical composition of the exposed PDMS reveals that the stiff skin resembles amorphous silica. Moreover, upon formation, the stiff skin tends to expand in the direction perpendicular to the direction of ion beam irradiation. The consequent mismatch strain between the stiff skin and the PDMS substrate buckles the skin, forming the wrinkle patterns. The induced strains in the stiff skin are estimated by measuring the surface length in the buckled state. Estimates of the thickness and stiffness of the stiffened surface layer are estimated by using the theory for buckled films on compliant substrates. The method provides an effective and inexpensive technique to create wrinkled hard skin patterns on surfaces of polymers for various applications.
focused ion beam surface modification ͉ polydimethylsiloxane ͉ surface wrinkles W rinkle patterns shown in Fig. 1 are formed by exposing the surface area of a flat polydimethylsiloxane (PDMS) sheet (thickness Ϸ3 mm, Young modulus Ϸ2 MPa) (1) to a focused ion beam (FIB) of Ga ϩ ions as shown schematically in Fig. 1 A. This method can create wrinkle patterns of various widths and complexity by controlling the relative motion of the polymeric substrate and the FIB to scan selected areas as shown in Fig. 1 B-E. The wrinkles appear only on the areas of the PDMS exposed to FIB (see Fig. 1 B and C), due to buckling of the stiff skin formed on the areas of the PDMS exposed to FIB. FIB exposure creates a tendency for the skin to expand in the direction perpendicular to the direction of FIB irradiation if it was not constrained by the PDMS substrate, similar to the effect observed in exposing metallic surfaces to ion beam irradiation (2) (3) (4) . The mismatch strain between the stiff skin and its substrate give rise to skin buckling and the formation of the wrinkle patterns (5-9). FIB exposure differs from UV/ozone treatment of PDMS in that the latter produces a stiff skin by increasing cross-links with relatively little strain mismatch (10, 11) . The morphology of the wrinkle patterns on the surface areas of PDMS is mainly a function of ion fluence as shown in Figs. 1C and 2. Fig. 1D shows that the path of the wrinkle patterns can be selected by controlling the relative motion of the substrate and ion beam. In addition, one can create islands of buckled stiff skins on the PDMS by controlling the ion beam spot diameter and spacing (see Fig. 1E ).
Various morphologies shown in Fig. 2 A are created by a single mode FIB scanning with the beam current of 1 nA and the fluences indicated. When the PDMS substrate is exposed with a fluence on the order of 1 ϫ 10 13 ions per cm 2 , the wrinkles are mainly straight and one-dimensional (1D) with an average wavelength of Ϸ460 nm. Herringbone wrinkles form at a fluence of 5 ϫ To quantify the morphology of the wrinkle patterns, we examined the topology of the wrinkles by using atomic force microscopy (AFM) in the tapping mode (Fig. 3A) . For the fluences of Ϸ1 ϫ 10 13 ions per cm 2 , a periodic, 1D profile appears on the regions exposed to FIB, whereas at fluences below this level the surface of the PDMS remains flat ( The critical strain associated with buckling of a uniform stiff elastic skin attached to a compliant elastic substrate, c , is approximately (5, (12) (13) (14) :
where E s and E f are the elastic moduli of the substrate and stiff skin, respectively. Furthermore, the wavelength of the primary wrinkles, 1 , of a stiff skin with thickness t is approximately:
Substitution of c ϭ 0.031 and 1 ϭ 460 nm from the experimental measurements leads to estimates of the thickness and stiffness of the skin: t Ϸ 28 nm, E f /E s Ϸ 70. The estimated skin thickness is Ϸ5 times larger than the thickness of the skin reported on PDMS samples subject to UV/ozone treatment, whereas the stiffness is comparable (10, 11, 15) .
As a final step, the chemical composition of exposed areas of the PDMS was examined through depth by using Auger electron spectroscopy (AES) (see Materials and Methods). The results of AES analysis for the PDMS exposed to ion f luence of 1.1 ϫ 10 13 ions per cm 2 is shown in Fig. 3D . Atomic concentration ratio of O/Si has the average value of 1.37 in the first 25 nm of the depth profile, whereas the atomic concentration of C is lower than that of the pure PDMS. This suggests that the thin skin, formed on the polymer surface upon exposure to FIB, has a chemical composition similar to SiO x . A similar observation is reported for the stiff skin appearing on PDMS substrate exposed to Ar ϩ ion beam (16) . The thickness of this stiff skin is Ϸ25 nm, which is in agreement with the predicted value of 28 nm from the simple theory presented above. We also used energy dispersive spectroscopy (EDS) built into the FIB/SEM system to examine the chemical composition of exposed areas of the PDMS exposed to FIB with various ion f luences, which led to similar observations.
In Fig. 4 , another simple method of creating wrinkled, hard skins on selected regions of the PDMS is demonstrated by using FIB irradiation. Here, the PDMS substrate is moved at a constant speed relative to the FIB (Fig. 4A) . The wrinkle patterns shown in Fig. 4B are formed by moving the PDMS at a constant speed of 500 nm/s, while the FIB fluence is controlled by decreasing the width of the exposed area from 50 to 4 m at a constant beam current of 1 pA. In Fig. 4C , the morphology of the wrinkles is controlled by varying the speed of the PDMS substrate, while maintaining the width of the exposed area constant at 4 m. This leads to the fluence ranging from 50 to 4 m. The path of the wrinkle patterns can be selected simply by controlling the relative motion of the substrate and ion beam as shown in Fig. 1D , and the morphology of the surface can be changed by controlling the ion fluence as in Fig. 1C . This method allows the formation of paths of rough wrinkles on the surface of the PDMS that might be useful in developing multifunctional microfluidic devices (17, 18) .
Conclusions
In conclusion, methods to create patterns of wrinkled stiff skin on a polymeric substrate upon exposure to FIB have been demonstrated and characterized. FIB irradiation alters the chemical composition of the polymer close to its surface and induces a thin stiff skin with a strain mismatch. Wrinkle patterns can be generated along selected paths with specified widths by controlling the relative movement of the ion beam and polymeric substrate, while wavelengths and amplitudes of wrinkles can be achieved in the micrometer and submicrometer level by varying the ion beam f luence. The method is simple and inexpensive. The surface patterns have potential for technological applications such as building biological sensors (19 -21) , controlled patterning of polymer surfaces for optical diffraction gratings (22) , and developing multifunctional f luidic devices at the micrometer and submicrometer level.
Materials and Methods
Material Preparation. PDMS networks were prepared by mixture of elastomer and cross-linker in mass ratio of 15:1 (Sylgard-184; Dow Corning, Midland, MI). The mixture was placed in a plastic box and stirred to remove trapped air bubbles and then cured at 80°C for 60 min, resulting in cross-linked PDMS network. PDMS coupons of dimension 20 ϫ 20 ϫ 0.3 mm were cut for the experiments. 
